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X-linked lymphoproliferative disease 1 (XLP1) is a rare congenital immunodeficiency
caused by SH2D1A (Xq25) mutations resulting in lack or dysfunction of SLAM-associated
protein adaptor molecule. In XLP1 patients, upon ligand (CD48) engagement, 2B4 deliv-
ers inhibitory signals that impair the cytolytic activity of NK (and T) cells. This causes
the selective inability to control EBV infections and the occurrence of B-cell lymphomas.
Here, we show that in the absence of SLAM-associated protein, co-engagement of 2B4
with different activating receptors, either by antibodies or specific ligands on target cells,
inhibits different ITAM-dependent signaling pathways including activating killer Ig-like
receptors. In XLP1 NK cells, 2B4 affected both the cytolytic and IFN-γ production capabili-
ties, functions that were restored upon disruption of the 2B4/CD48 interactions. Notably,
we provide evidence that 2B4 dysfunction does not affect the activity of DNAM-1 and
NKG2D triggering receptors. Thus, while CD48+ B-EBV and lymphoma B cells devoid of
NKG2D and DNAM-1 ligands were resistant to lysis, the preferential usage of these recep-
tors allowed XLP1 NK cells to kill lymphomas that expressed sufficient amounts of the
specific ligands. The study sheds new light on the XLP1 immunological defect and on the
cross-talk of inhibitory 2B4 with triggering NK (and T) receptors.
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Introduction
Human NK cells are equipped with an array of surface recep-
tors that either trigger or dampen NK-cell activity [1, 2]. Activat-
ing receptors include NKp46, NKp30, NKp44 (collectively termed
natural cytotoxicity receptors (NCR)), NKG2D, and DNAM-1
whose function is under the control of inhibitory receptors
such as inhibitory killer Ig-like receptors (iKIRs, CD158) and
CD94/NKG2A heterodimers that recognize HLA-A, -B, -C or -E
molecules, respectively. KIRs present also isoforms that trans-
duce activating signals (activating KIRs (aKIRs)) [3, 4], whose
expression is mostly confined to individuals characterized by the
group B KIR haplotype [5]. While NCR are mostly NK restricted,
both NK and CD8+ T cells express NKG2D and DNAM-1 recep-
tors that recognize MICA/B and ULBPs, or poliovirus recep-
tor (PVR, CD155) and Nectin-2 (CD112), respectively, cellular
ligands that are upregulated or de novo expressed by trans-
formed cells [6–8]. In general, virus-infected or neoplastic cells
become susceptible to NK-cell-mediated lysis because they down-
regulate HLA-class I (“missing self-recognition”) and upregulate
ligands for activating NK receptors (“induced self-recognition”)
[9].
X-linked lymphoproliferative disease 1 (XLP1, Duncan disease,
OMIM#308240) is a rare congenital immunodeficiency caused
by mutations in SH2D1A (Xq25), the gene encoding the signal-
ing lymphocyte activation molecule (SLAM) associated protein
(SAP) [10, 11]. SAP is a cytoplasmic adaptor protein that asso-
ciates with members of the SLAM family, which includes SLAM
(CD150), LY9 (CD229), CRACC (CD319), CD84, NTB-A (CD352),
and 2B4 (CD244) [12]. 2B4 is a surface molecule expressed in NK
and T lymphocytes specifically recognizing CD48, which is present
solely on hematopoietic cells. 2B4 engagement causes tyrosine
phosphorylation of immunoreceptor tyrosine-based switch motifs
present in its cytoplasmic tail and recruitment of SAP, which trans-
duces activating signals via Fyn-dependent processes [13, 14]. In
the presence of SAP, 2B4 potentiates the NCR-mediated signal-
ing thus acting as a co-receptor molecule [15]. In the absence
of SAP, 2B4 associates with protein tyrosine phosphatases and
delivers inhibitory signals [16, 17]. In NK cells, this occurs in
physiological conditions such as during NK-cell development [18]
and pregnancy [19]. On the other hand, in XLP1, the lack (or
dysfunction) of SAP causes the selective inability to control infec-
tion by EBV, a γ-herpes virus that infects and sequesters itself in
B cells [16, 20–22]. This causes severe manifestations including
fulminant mononucleosis and B-cell lymphomas [23, 24]. Among
the immunological defects identified, the defective NK and CD8+
T-cell-mediated cytolytic responses against EBV-infected cells have
been shown to account for B-cell accumulation and persistence
of reactive inflammatory responses [25]. The lack of NK-cell-
mediated cytotoxicity mainly relies on the inhibitory function of
2B4, which, upon engagement by CD48 (upregulated on B-EBV
cells), impairs the activity of receptors involved in the recognition
of infected cells such as NCR [16, 26]. Importantly, in vitro exper-
iments demonstrated that the defect is reverted by mAb-mediated
blocking of 2B4/CD48 interactions [16].
In this study, we provide evidence that in XLP1 NK cells the 2B4
dysfunction does not impair the activity of NKG2D and DNAM-1
triggering receptors. This results in the ability of XLP1 NK cells to
kill CD48+ lymphomas that express one or more ligands of these
activating receptors.
Results
In XLP1 NK cells the 2B4 cross-linking does not impair
the activity of NKG2D and DNAM-1 receptors
XLP1 patients were characterized by different SH2D1A muta-
tions, defective expression of SAP (evaluated by intracytoplas-
mic flow cytometry), and inhibitory 2B4 function (in reverse
antibody-dependent cellular cytotoxicity (R-ADCC) assay against
the FcγRc+ P815) (Table 1) [16, 22, 27]. To analyze the capability
of 2B4 to inhibit various activating pathways, polyclonal-activated
NK-cell populations from XLP1 patients were used as effectors
in R-ADCC assays in the presence of the anti-2B4 mAb used in
combination with mAbs specific for one or another activating NK
receptor (Fig. 1). In healthy NK cells, 2B4 cross-linking sustained
activation mediated by all activating receptors (Supporting Infor-
mation Fig. 1). On the contrary, in XLP1 NK cells, 2B4 engagement
inhibited the triggering signal mediated not only by NCR (i.e.
NKp46, NKp30, and NKp44) and CD16 as previously described
[16] but also by aKIR (Fig. 1A and B). Interestingly, however, 2B4
cross-linking did not affect the NKG2D- and DNAM-1-dependent
cytotoxicity (Fig. 1A). To confirm this observation, we evaluated
the effect of 2B4 engagement on decreasing concentrations of
anti-NKG2D or anti-DNAM-1 triggering antibodies (from 500 to
6 ng/mL) in R-ADCC assay using the FcγRc+ L1210 cell line as
target, which is more resistant to NK-cell lysis than P815. As shown
Table 1. Characterization of XLP1 patients
Patients SH2D1A mutations SAP expression NK cells 2B4 function NK cells R-ADCC
UPN360 c.138 201del (entire exon 2 deletion) Negative Inhibitory
UPN590 Del exons 2–4 Negative Inhibitory
UPN627 c.138(−2)A >G (skipping of exon 2) Negative Inhibitory
UPN674 c. 84C >G p. S28R Weaka) Inhibitory
UPN722 c.137+3 +6delGACT (loss of transcript) Negative Inhibitory
a)SAP expression significantly lower than healthy donors.
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Figure 1. In XLP1 NK cells, 2B4 does not inhibit the NKG2D- and
DNAM-1-mediated triggering pathways. (A) Polyclonal-activated NK
cells from UPN360, UPN590, and UPN627 were analyzed in R-ADCC
against P815 in the absence (CTR) or presence ofmAbs to one or another
triggering receptor (indicated in X axis) used in combination withmAbs
to CD56 (negative control), 2B4, or NKG2A. Data are shown as mean +
SEM and are pooled from three independent experiments. ***p < 0.001,
****p< 0.0001; one-way ANOVA for repeatedmeasures followed by Bon-
ferroni’s multiple comparison test. (B) Activated NK cells from UPN627,
characterized by B/x KIR genotype, were tested against P815 in the
absence (CTR) or presence of mAb to CD16 or aKIR in combination with
mAbs to CD56 (negative control) or 2B4. Data are shown asmean + SEM
and are pooled from two independent experiments. *p< 0.05, **p< 0.01,
***p < 0.001; Student’s t-test. (C) Activated NK cells from UPN360 and
UPN674were tested in R-ADCC against L1210 cell line in the presence of
decreasing concentrations of anti-NKG2D or anti-DNAM-1mAbs (serial
1:3 dilutions starting from 500 ng/mL), used in combination with anti-
CD56 (negative control) or anti-2B4 mAbs (500 ng/mL). Data are shown
as mean + SEM and are pooled from two independent experiments.
No statistical difference at any dilution tested (Student’s t-test). In all
experiments, the E:T ratio was 4:1.
in Fig. 1C, the NK-cell triggering mediated by NKG2D or DNAM-1
receptors was unaffected by the co-engagement of 2B4 at any mAb
concentration used. The anti-NKG2A mAb used as control, inhib-
ited all the triggering receptors analyzed including NKG2D and
DNAM-1 (Fig. 1A). These data suggested that in XLP1 NK cells,
the NKG2D and DNAM-1 activating pathways were functionally
independent from the inhibitory 2B4 co-receptor.
Defective functional activity against NKG2D and
DNAM-1 ligand negative B-EBV and B-cell lymphomas
In healthy donors, NK cells efficiently kill (CD48+) EBV-infected
B cells and B-cell lymphomas (Supporting Information Fig. 2) and
target cell recognition is mostly dependent on the co-engagement
of NCR (NKp46 or NKp30) and 2B4 by the specific ligands
expressed on hematopoietic targets [28]. Polyclonal NK-cell popu-
lations from XLP1 patients displayed poor cytolytic activity against
721.221 (thereafter termed 221) B-EBV cells and the defect could
be reverted by mAb-mediated masking of 2B4 (Fig. 2A) [16].
Moreover, the co-culture of XLP1 NK cells with B-EBV cells did
not result in increments of IFN-γ production, while it strongly
increased upon mAb-mediated disruption of 2B4/CD48 interac-
tions reaching levels significantly higher than healthy controls
(Fig. 2B). Similar to 221, the Namalwa lymphoma cell line
was highly resistant to lysis by XLP1 NK cells (Fig. 2C). It is
of note that both CD48+ cell lines showed defective expres-
sion of NKG2D and DNAM-1 ligands. In particular, 221 cells
did not express any ligands and only very low surface densities
of Nectin-2 were detected in Namalwa (Supporting Information
Fig. 3).
NKG2D and/or DNAM-1 ligand expression in CD48+
lymphomas overcomes 2B4 dysfunction
Polyclonal-activated XLP1 NK cells were analyzed for cytolytic
activity against CD48+ target cells expressing high surface den-
sity of ligands for NKG2D and/or DNAM-1 activating receptors
(Supporting Information Fig. 3). The cytolytic activity of XLP1
NK cells against the ULBP1+ DAUDI lymphoma was comparable
to that of healthy controls at high E:T ratios, whereas a signif-
icant decrease in cytolytic activity was documented at low E:T
ratios (Fig. 3A). In these cases, optimal cytotoxicity was restored
by mAb-mediated disruption of inhibitory 2B4/CD48 interactions.
In healthy NK cells, killing of DAUDI depended on the combined
action of NCR and NKG2D and only the simultaneous blocking
of both triggering receptors resulted in a significant reduction
of lysis (Fig. 3B). On the other hand, in XLP1 NK cells, NKG2D
played a major role. Indeed, mAb-mediated masking of NKG2D
alone significantly reduced the NK-cell-mediated killing of DAUDI
(Fig. 3B).
The role of DNAM-1 in XLP1 NK cells was appreciated when
the PVR+, MICA+, ULPB-1dull, and ULBP-3dull L540 lymphoma
were used as target. XLP1 NK cells were virtually unaffected by
the inhibitory 2B4/CD48 interactions, and indeed they lysed L540
similarly to healthy NK cells (Fig. 3C). In XLP1 NK cells, mAb-
mediated blocking of NKG2D and DNAM-1 resulted in a reduction
of lysis more marked as compared to healthy NK cells (p < 0.001)
and was sufficient to virtually abrogate the lysis suggesting a dom-
inant role of these receptors in target cell recognition (Fig. 3D).
In healthy NK cells, the abrogation of lysis also required mAb-
mediated masking of NCR.
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Figure 2. Decreased effector function of XLP1 NK cells against 221 B-EBV and Namalwa lymphoma cell lines. (A) Polyclonal-activated NK cells
from UPN722 and a healthy donor were analyzed for cytolytic activity against 221 cells at different E:T ratios in the absence or presence of the
anti-2B4 mAb. Data are shown as mean ± SEM and are pooled from two independent experiments. (B) Activated NK cells from UPN590, UPN627,
and three healthy donors were cultured either alone (CTR) or with 221 cells (with or without anti-2B4 mAb). Supernatants were analyzed by ELISA
for the presence of IFN-γ. Data are shown as mean ± SEM and are pooled from two different experiments. *p < 0.05; one-way ANOVA followed
by Dunnett’s multiple comparison test. (C) Activated NK cells from UPN360, UPN722, and two healthy donors were analyzed for cytolytic activity
against Namalwa cells (preincubated with anti-HLA class I mAb) at different E:T ratios in the absence or presence of the anti-2B4 mAb. Data are
shown as mean ± SEM and are pooled from three independent experiments; two-way ANOVA and Bonferroni test.
Prevalent usage of NKG2D and DNAM-1 pathways
when inhibitory 2B4/CD48 interaction occurs
XLP1 NK cells efficiently killed nonhematological malignancies
such as the melanoma FO-1 cell line, which lacks HLA-class I
and CD48 while expressing ligands of NCR, NKG2D, and DNAM-1
receptors (Fig. 4 and Supporting Information Fig. 3) [6, 29].
We generated a stable FO-1/CD48 cell transfectant that
expressed levels of CD48 comparable to lymphoma cell lines
(Supporting Information Fig. 3). FO-1 and FO-1/CD48 cells were
analyzed for susceptibility to lysis mediated by XLP1 NK cells
(Fig. 4). The XLP1 NK-cell-mediated killing of FO-1/CD48 cells
was comparable to that of FO-1 cells. However, the evaluation
of the relative contribution of the various triggering receptors
Figure 3. XLP1 NK cells kill CD48+ lymphomas expressing DNAM-1 and/or NKG2D ligands. (A) Polyclonal-activated NK cells fromUPN360, UPN674,
UPN590, UPN722, and four healthy donors were analyzed for cytolytic activity against DAUDI cell line at different E:T ratios in the absence or
presence of anti-2B4 mAb. (B) Activated NK cells from UPN360, UPN489, UPN590, UPN722 (E:T ratio 4:1), and four healthy donors (E:T ratio 1:1)
were analyzed for cytolytic activity against DAUDI cell line in the absence or presence of mAbs to the indicated activating receptors. (C) Activated
NK cells from UPN360, UPN722, and two healthy donors were analyzed for cytolytic activity against L540 cells (preincubated with anti-HLA class
I mAb) at different E:T ratios in the absence or presence of the anti-2B4 mAb, and (D) in the absence or presence of mAbs to the indicated
activating receptors (E:T ratio 4:1). (A–D) Data are shown as mean ± SEM and are pooled from three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001; two-way ANOVA and Bonferroni test.
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Figure 4. Prevalent role of NKG2D and DNAM-1 activating pathways in the presence of inhibitory 2B4/CD48 interactions. Polyclonal-activated NK
cells from UPN360, UPN674, UPN722, and three healthy donors were analyzed for cytolytic activity against FO-1 and FO-1/CD48 (E:T ratio 2:1) in
the presence of mAbs to the indicated molecules. Data are shown as mean ± SEM and are pooled from three independent experiments. *p < 0.05,
**p < 0.01,***p < 0.001; two-way ANOVA and Bonferroni test.
involved in killing allowed to detect differences between the NK
cells from XLP1 patients and those from healthy controls. In XLP1
NK cells, the contribution of NKG2D and DNAM-1 was empha-
sized due to the presence of inhibitory 2B4/CD48 interactions,
which dampen the NCR function. Indeed, mAb-mediated masking
of NKG2D and DNAM-1 inhibited the lysis of FO-1/CD48 more
efficiently than that of FO-1 (p < 0.0001). An opposite effect was
observed in healthy NK cells in which the role of NKG2D and
DNAM-1 was minimized due to the presence of the activating
2B4/CD48 interactions that support the function of NCR. Indeed,
blocking of NKG2D and DNAM-1 inhibited lysis of FO-1/CD48 less
efficiently than FO-1 (p < 0.001).
Thus, in XLP1 NK cells, the inhibitory 2B4/CD48 interactions
do not significantly affect the NKG2D andDNAM-1 activation path-
ways; this confirms the functional independence of these receptors
from the 2B4 co-receptor.
Discussion
In this study, we show that in the absence of SAP, combining 2B4
with different activating receptors, either cross-linked with anti-
bodies or engaged with targets expressing the specific ligands,
inhibits NK-cell-mediated cytotoxicity. Importantly, this affects
different ITAM-dependent signaling pathways including activating
KIR, while does not impair the function of NKG2D and DNAM-1
receptors. In XLP1 patients, this resulted in the preserved capa-
bility of NK cells to kill CD48+ lymphomas that express sufficient
amounts of NKG2D and/or DNAM-1 ligands. In healthy donors
during NK to B-EBV cell interactions, NCR and 2B4 transduce
activating signals leading to both cytotoxicity and IFN-γ produc-
tion [28, 30]. In XLP1 NK cells, the 2B4 dysfunction caused not
only defective killing of EBV-infected B cells (that express high
levels of CD48) but also defective IFN-γ production. However,
the disruption of the inhibitory 2B4/CD48 interactions resulted
in the release of amounts of IFN-γ significantly higher than in
healthy controls. This suggests that B-EBV cells being resistant
to lysis could induce a preliminary “priming” of XLP1 NK cells,
which would be able to produce an excess of cytokines when fur-
ther stimulated by either soluble factors or cell-to-cell contacts.
In this context, DNAM-1 is involved in the cross-talk between NK
cells and DC or macrophages and its engagement results in the
release of high amounts of IFN-γ [31, 32]. This phenomenonmight
contribute to the uncontrolled systemic inflammatory response
observed in vivo in XLP1 [33] as in familial hemophagocytic
lymphohistiocytosis [34]. The enhanced IFN-γ production could
be also the result of an increased number of licensed NK cells
in polyclonal XLP1 NK-cell populations [35]. Although further
studies are needed to address this hypothesis, the persistence of an
inhibitory 2B4 receptor during NK-cell development might render
functionally competent NK cells lacking self-HLA class I inhibitory
receptors.
NK cells express various activating receptors that are similar
to TCR associate with homo- or heterodimers of ITAM-bearing
signaling molecules (CD3ζ, FcεRγ, and DAP12) [36, 37] and are
functionally coupled with 2B4/SAP/LAT complexes that provide a
co-activating signal [30, 38]. Interestingly, the first ITAM of CD3ζ
has been shown to directly bind SAP [39]. Both the activating
[40] and inhibitory function of 2B4 target ITAM-bearing recep-
tor complexes that include NCR, TCR, and CD16 [14, 16, 41], as
well as aKIRs/DAP12, which seem to be involved in the control
of herpes virus infections [42]. In the presence of SAP, 2B4 has
been shown to co-operate also with activating receptors that either
directly transduce signals (i.e. DNAM-1) or use chains devoid of
classical (xYxxI/Lx6–8YxxI/L) ITAM (i.e. NKG2D/DAP10) [2, 43].
On the other hand, our present data demonstrate that while
DNAM-1 and NKG2D activation signals are blocked by ITIM-
bearing receptors such as CD94/NKG2A, they are exempt from
the inhibition mediated by 2B4 in the absence of SAP. How these
receptors transduce activation signals and at which point they
are inhibited might explain their independency from inhibitory
2B4. In this context, DNAM-1 and NKG2D have been shown
to synergize with 2B4 through the selective phosphorylation in
the downstream SLP-76 adaptor molecule of a tyrosine residue
(Y128) complementary to that targeted by 2B4/SAP/Fyn com-
plexes (Y113) [2, 43, 44]. Moreover, while ITIM preferentially
bind the tyrosine phosphatases SHP-1 and SHP-2, which act at a
very early step thus preventing rather than terminating NK-cell
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activation, a crucial effector of 2B4-mediated inhibition is repre-
sented by SHIP-1 (and possibly SHIP-2), which negatively reg-
ulates downstream signals such as PLC-γ-mediated Ca2+ fluxes
[14, 43].
According to our observation, in SAP−/− mice, members of
the SLAM receptor family have been shown to inhibit NKG2D
that, different to humans, associates with both DAP10 and DAP12
[45, 46].
It is of note that the functional independency of NKG2D and
DNAM-1 from 2B4 could be relevant also in NK-cell physiology
and in XLP1 T-cell biology. Indeed, in peculiar microenvironments
such as during NK-cell development [18] and pregnancy [19],
SAP− immature or decidual NK lymphocytes might interact with
bystander CD48+ hematological cells expressing different reper-
toires of NKG2D and DNAM-1 ligands. Moreover, in XLP1 patients,
NKG2D and DNAM-1 could be also involved in T-cell-mediated
responses against EBV-infected cells and lymphoma cells [21]. In
this context, also the dysfunction of the NTB-A co-receptor has
been shown to contribute to the inability of NK and T cells to clear
EBV infection. In particular, in XLP1 NK cells the maximal recov-
ery of the NK-mediated lysis of B-EBV targets was obtained with
the simultaneous disruption of both 2B4/CD48 and NTB-A/NTB-A
interactions [26]. NTB-A is expressed by NK, T, and B cells, dis-
plays homophilic recognition [47], and upon engagement asso-
ciates with either SAP or tyrosine phosphatases [26, 39, 48]. Dif-
ferent from 2B4, however, NTB-A does not associate with LAT
[26], possibly explaining the minor role played by this molecule
in both co-stimulation and co-inhibition.
In conclusion, we provide evidence that in SAP− NK cells, 2B4
inhibits ITAM-dependent signaling pathways while does not affect
the activity of NKG2D and DNAM-1 receptors. This reflects on the
specific defect of XLP1 to lyse various target cells depending on
ligand expression, and may have implication in the capacity of
patients with XLP1 to prevent lymphomagenesis.
Materials and methods
Patients
Five patients referred to the hemophagocytic lymphohistiocytosis
(HLH) registry [49], for confirmation of XLP1 clinical diagnosis,
were included in this study. UPN674 was diagnosed in the absence
of clinical symptoms due to affected brothers. The UPN627 KIR
gene profile was characterized as described [50]. Participants gave
written informed consent and the study was approved by the Insti-
tutional Review Board at the AOU Meyer (Florence, Italy) and
Istituto G. Gaslini (Genoa, Italy).
Mutation analysis
Genomic DNA was isolated from peripheral blood samples using
Qiacube Workstation (Qiagen, Jesi, Italy). The four coding exons
and exone–intron boundaries of the SH2D1A gene were ampli-
fied and directly sequenced, using ABI Prism 3130XL Sequence
Detection System (Applied Biosystems). In patients suspected
for deletion, multiplex ligation-dependent probe amplification
(P205 SALSA MLPA probe set) was performed on genomic DNA
according to the manufacturer’s instructions (http://www.mrc-
holland.com). To detect transcript alterations, total RNA was
extracted from PBMCs by the QIAamp R© RNA Blood mini kit
(Qiagen). SAP mRNA was reverse transcribed, amplified, and
sequenced in both directions.
Cytofluorimetric analysis
To evaluate intracellular SAP expression, polyclonal-activated NK
cells, obtained as previously described [50], were fixed, perme-
abilized (cytofix/cytoperm, BD Bioscience, San Jose, CA, USA),
and stained with anti-SAP (1C9, IgG2a, Abnova, Taipei, Taiwan)
or isotype-matched control mAbs, followed by PE-conjugated goat
anti-mouse IgG2a (Southern Biotechnology Associates, Birming-
ham, AL, USA). The various cell lines were stained with the fol-
lowing mAb: L95 (IgG1, anti-PVR), L14 (IgG2a, anti-Nectin-2),
BAM195 (IgG1, anti-MICA) [50–52]; M295 (IgG1, anti-ULBP1),
M310 (IgG1, anti-ULBP2), M551 (IgG1, anti-ULBP3) kindly pro-
vided by Amgen (Seattle, WA, USA); W632 (IgG2a, anti-HLA-
class I), followed by PE-conjugated AffiniPure F(ab′)2 goat anti-
mouse IgG (Jackson Immunoresearch Laboratories, West Grove,
PA, USA). To detect CD48, CO202 (IgM) was used followed
by F(ab′)2 goat anti-mouse IgM-PE (Beckman Coulter, Milan,
Italy) [47]. Mean relative fluorescence intensity indicates the ratio
between MFI of cells stained with the relevant mAb and that of
cells stained with the isotype-matched negative control. Data were
acquired on a FACSCalibur cytometer (BD) and analyzed using
FlowJo Version 8.8.6 (TreeStar).
Cytolytic assays
To evaluate 2B4 function, activated NK cells were used as effec-
tors in R-ADCC assays against 51Cr-labeled either P815 or L1210
(both FcγRc+) murine targets, in the presence of functional grade
purified anti-2B4 mAb (PP35, IgG1; e-Bioscience, San Diego, CA,
USA) at a concentration of 500 ng/mL, either alone or in com-
bination with suboptimal doses of mAb (all of IgG1 isotype) to
one or another triggering NK receptor: c127 (anti-CD16), BAB281
(anti-NKp46), Z231 (anti-NKp44), A76 (anti-NKp30), F22 (anti-
DNAM-1), ON72 (anti-NKG2D), 11PB6 (anti-KIR2DL1/S1),
PAX180 (anti-KIR2DS4), and Z27 (anti-KIR3DL1/S1) [50–52].
We also used c218 (IgG1, anti-CD56) and Z270 (IgG1, anti-
NKG2A). Activated NK cells were analyzed for cytolytic activ-
ity against the HLA-class I− cell lines, including the B-EBV 221,
the lymphoma DAUDI, the melanoma FO-1, and FO-1/CD48-
transfected cells. Other target cells were theHLA-class I+ Namalwa
and L540 lymphomas used after preincubation with saturating
amounts of A6–136 mAb (anti-HLA-class I, IgM) to abolish any
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possible disturbance due to HLA-class I expression and specific
receptor interactions (differing from donor to donor). Mask-
ing experiments were performed with the addition of saturating
amounts of the following mAb: MA344 (IgM, anti-2B4), KL247
(IgM, anti-NKp46), KS38 (IgM, anti-NKp44), F252 (IgM, anti-
NKp30), F5 (IgM, anti-DNAM-1), and BAT221 (IgG1, anti-NKG2D)
[50–52]. The E:T ratios are indicated in the text.
Analysis of IFN-γ production
Polyclonal NK-cell populations from patients and healthy donors
(1.5 × 105/well) were cultured overnight either alone or with 221
cell line (5 × 104/well) in U-bottom plastic plates in the presence
or absence of MA344 mAb (10 μg/mL), each conditions in a total
volume of 200 μL/well. The supernatants were collected and ana-
lyzed for the presence of IFN-γ by ELISA (Invitrogen, Camarillo,
CA, USA).
Production of FO-1/CD48 cell transfectant
FO1 cell line was transfected with CD48 coding pCDNA 3.1 plas-
mids, using nonliposomial FuGene HD reagent (Roche, Monza,
Italy). The selection of the transfected cells was performed using
G418 sulfate (Calbiochem) at 1 mg/mL, the bulk FO1 CD48+/−
cell line was cloned and the clones were screened using the anti-
CD48 CO202 mAb [47].
Statistical analysis
Statistical analyses were performed using Graphpad software Ver-
sion 6.0. The utilized tests are indicated in the figure legends. Not
significant (n.s.); ****p < 0.0001; ***p < 0.001; **p < 0.01; and
*p < 0.05.
Acknowledgements: This work was supported by grants from
Associazione Italiana Ricerca Istiocitosi (AIRI), Associazione
Ciemmeesse-Girotondo per il Meyer O.N.L.U.S., Ministero della
Salute (Bando Malattie Rare RF-TOS-2008-1219488), and Sev-
enth Framework Programme (FP7) of the European Commission
(“FIGHT-HLH” Project number 306124) toM.A.; Associazione Ital-
iana per la Ricerca sul Cancro IG-10643 to A.M., IG-10225 to L.M.,
and special project 5×1000–9962 to A.M. and L.M.; Ministero
dell’Istruzione, dell’Universita` e della Ricerca to A.M., L.M., and
C.B.; and Ministero della Salute (RF-2010-2316606 and RF-2010-
2316319) to D.P.
Conflict of interest: A. Moretta is a cofounder and shareholder of
Innate-Pharma (Marseille, France). The remaining authors declare
no financial or commercial conflict of interest.
References
1 Moretta, L. and Moretta, A., Unravelling natural killer cell function: trig-
gering and inhibitory human NK receptors. EMBO J. 2004. 23: 255–259.
2 Lanier, L. L., Up on the tightrope: natural killer cell activation and inhi-
bition. Nat. Immunol. 2008. 9: 495–502.
3 Moretta, A., Bottino, C., Vitale, M., Pende, D., Biassoni, R., Mingari, M. C.
and Moretta, L., Receptors for HLA class-I molecules in human natural
killer cells. Annu. Rev. Immunol. 1996. 14: 619–648.
4 Vilches, C. and Parham, P., KIR: diverse, rapidly evolving recep-
tors of innate and adaptive immunity. Annu. Rev. Immunol. 2002. 20:
217–251.
5 Uhrberg, M., Valiante, N. M., Shum, B. P., Shilling, H. G., Lienert-
Weidenbach, K., Corliss, B., Tyan, D. et al., Human diversity in killer
cell inhibitory receptor genes. Immunity. 1997. 7: 753–763.
6 Bottino, C., Castriconi, R., Pende, D., Rivera, P., Nanni, M., Carnemolla,
B., Cantoni, C. et al., Identification of PVR (CD155) and nectin-2 (CD112) as
cell surface ligands for the human DNAM-1 (CD226) activating molecule.
J. Exp. Med. 2003. 198: 557–567.
7 Bottino, C., Castriconi, R.,Moretta, L. and Moretta, A., Cellular ligands of
activating NK receptors. Trends Immunol. 2005. 26: 221–226.
8 Kasahara, M. and Yoshida, S., Immunogenetics of the NKG2D ligand
gene family. Immunogenetics 2012. 64: 855–867.
9 Vivier, E.,Ugolini, S., Blaise, D., Chabannon, C. and Brossay, L., Targeting
natural killer cells and natural killer T cells in cancer. Nat. Rev. Immunol.
2012. 12: 239–252.
10 Coffey, A. J., Brooksbank, R. A., Brandau, O., Oohashi, T., Howell, G. R.,
Bye, J. M., Cahn, A. P. et al., Host response to EBV infection in X-linked
lymphoproliferative disease results from mutations in an SH2-domain
encoding gene. Nat. Genet. 1998. 20: 129–135.
11 Filipovich, A. H., Zhang, K., Snow, A. L. and Marsh, R. A., X-linked lym-
phoproliferative syndromes: brothers or distant cousins? Blood 2010. 116:
3398–3408.
12 Cannons, J. L., Tangye, S. G. and Schwartzberg, P. L., SLAM family
receptors and SAP adaptors in immunity. Annu. Rev. Immunol. 2011. 29:
665–705.
13 Eissmann, P., Beauchamp, L., Wooters, J., Tilton, J. C., Long, E. O. and
Watzl, C., Molecular basis for positive and negative signaling by the nat-
ural killer cell receptor 2B4 (CD244). Blood 2005. 105: 4722–4729.
14 Dong, Z., Davidson, D., Perez-Quintero, L. A., Kurosaki, T., Swat, W. and
Veillette, A., The adaptor SAP controls NK cell activation by regulating
the enzymes Vav-1 and SHIP-1 and by enhancing conjugates with target
cells. Immunity 2012. 36: 974–985.
15 Moretta, A., Bottino, C., Vitale, M., Pende, D., Cantoni, C., Mingari, M.
C., Biassoni, R. et al., Activating receptors and coreceptors involved in
human natural killer cell-mediated cytolysis. Annu. Rev. Immunol. 2001.
19: 197–223.
16 Parolini, S., Bottino, C., Falco, M.,Augugliaro, R.,Giliani, S., Franceschini,
R.,Ochs, H. D. et al., X-linked lymphoproliferative disease. 2B4molecules
displaying inhibitory rather than activating function are responsible for
the inability of natural killer cells to kill Epstein-Barr virus-infected cells.
J. Exp. Med. 2000. 192: 337–346.
17 Sayos, J., Wu, C., Morra, M., Wang, N., Zhang, X., Allen, D., van Schaik,
S. et al., The X-linked lymphoproliferative-disease gene product SAP reg-
ulates signals induced through the co-receptor SLAM. Nature 1998. 395:
462–469.
18 Sivori, S., Falco, M., Marcenaro, E., Parolini, S., Biassoni, R., Bottino, C.,
Moretta, L. et al., Early expression of triggering receptors and regulatory
C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
Eur. J. Immunol. 2014. 44: 1526–1534 Innate immunity 1533
role of 2B4 in human natural killer cell precursors undergoing in vitro
differentiation. Proc. Natl. Acad. Sci. USA 2002. 99: 4526–4531.
19 Vacca, P., Pietra, G., Falco, M., Romeo, E., Bottino, C., Bellora, F., Prefumo,
F. et al., Analysis of natural killer cells isolated from human decidua:
evidence that 2B4 (CD244) functions as an inhibitory receptor and blocks
NK-cell function. Blood 2006. 108: 4078–4085.
20 Dupre, L., Andolfi, G., Tangye, S. G., Clementi, R., Locatelli, F., Arico, M.,
Aiuti, A. et al., SAP controls the cytolytic activity of CD8(+) T cells against
EBV-infected cells. Blood 2005. 105: 4383–4389.
21 Hislop, A. D., Palendira, U., Leese, A. M., Arkwright, P. D., Rohrlich,
P. S., Tangye, S. G., Gaspar, H. B. et al., Impaired Epstein-Barr virus-
specific CD8+ T-cell function in X-linked lymphoproliferative disease
is restricted to SLAM family-positive B-cell targets. Blood 2010. 116:
3249–3257.
22 Palendira, U., Low, C., Chan, A.,Hislop, A. D.,Ho, E., Phan, T. G.,Deenick,
E. et al., Molecular pathogenesis of EBV susceptibility in XLP as revealed
by analysis of female carriers with heterozygous expression of SAP. PLoS
Biol. 2011. 9: e1001187.
23 Nichols, K. E.,Ma, C. S., Cannons, J. L., Schwartzberg, P. L. and Tangye, S.
G., Molecular and cellular pathogenesis of X-linked lymphoproliferative
disease. Immunol. Rev. 2005. 203: 180–199.
24 Booth, C., Gilmour, K. C., Veys, P., Gennery, A. R., Slatter, M. A., Chapel,
H., Heath, P. T. et al., X-linked lymphoproliferative disease due to
SAP/SH2D1Adeficiency: amulticenter study on themanifestations,man-
agement and outcome of the disease. Blood 2011. 117: 53–62.
25 Rezaei, N., Mahmoudi, E., Aghamohammadi, A., Das, R. and Nichols,
K. E., X-linked lymphoproliferative syndrome: a genetic condition typ-
ified by the triad of infection, immunodeficiency and lymphoma. Br. J.
Haematol. 2011. 152: 13–30.
26 Bottino, C., Falco, M., Parolini, S., Marcenaro, E., Augugliaro, R., Sivori,
S., Landi, E. et al., NTB-A, a novel SH2D1A-associated surface molecule
contributing to the inability of natural killer cells to kill Epstein-Barr
virus-infected B cells in X-linked lymphoproliferative disease. J. Exp. Med.
2001. 194: 235–246.
27 Bryceson, Y. T., Pende, D., Maul-Pavicic, A., Gilmour, K. C., Ufheil, H.,
Vraetz, T., Chiang, S. C. et al., A prospective evaluation of degranulation
assays in the rapid diagnosis of familial hemophagocytic syndromes.
Blood 2012. 119: 2754–2763.
28 Sivori, S., Parolini, S., Falco, M., Marcenaro, E., Biassoni, R., Bottino, C.,
Moretta, L. et al., 2B4 functions as a co-receptor in human NK cell acti-
vation. Eur. J. Immunol. 2000. 30: 787–793.
29 Pende, D., Cantoni, C., Rivera, P., Vitale, M., Castriconi, R.,Marcenaro, S.,
Nanni, M. et al., Role of NKG2D in tumor cell lysis mediated by human
NK cells: cooperation with natural cytotoxicity receptors and capability
of recognizing tumors of nonepithelial origin. Eur. J. Immunol. 2001. 31:
1076–1086.
30 Chuang, S. S.,Kumaresan, P. R. andMathew, P. A., 2B4 (CD244)-mediated
activation of cytotoxicity and IFN-gamma release in human NK cells
involves distinct pathways. J. Immunol. 2001. 167: 6210–6216.
31 Pende, D., Castriconi, R., Romagnani, P., Spaggiari, G. M., Marcenaro, S.,
Dondero, A., Lazzeri, E. et al., Expression of the DNAM-1 ligands, Nectin-
2 (CD112) and poliovirus receptor (CD155), on dendritic cells: relevance
for natural killer-dendritic cell interaction. Blood 2006. 107: 2030–2036.
32 Bellora, F., Castriconi, R., Dondero, A., Reggiardo, G., Moretta, L., Man-
tovani, A. and Moretta, A., The interaction of human natural killer cells
with either unpolarized or polarized macrophages results in different
functional outcomes. Proc. Natl. Acad. Sci. USA 2010. 107: 21659–21664.
33 Arico,M., Imashuku, S.,Clementi, R.,Hibi, S.,Teramura, T.,Danesino, C.,
Haber, D. A. et al., Hemophagocytic lymphohistiocytosis due to germline
mutations in SH2D1A, the X-linked lymphoproliferative disease gene.
Blood 2001. 97: 1131–1133.
34 Marcenaro, S., Gallo, F., Martini, S., Santoro, A., Griffiths, G. M., Arico,
M., Moretta, L. et al., Analysis of natural killer-cell function in famil-
ial hemophagocytic lymphohistiocytosis (FHL): defective CD107a surface
expression heralds Munc13–4 defect and discriminates between genetic
subtypes of the disease. Blood 2006. 108: 2316–2323.
35 Raulet, D. H. and Vance, R. E., Self-tolerance of natural killer cells. Nat.
Rev. Immunol. 2006. 6: 520–531.
36 Augugliaro, R., Parolini, S., Castriconi, R., Marcenaro, E., Cantoni, C.,
Nanni, M., Moretta, L. et al., Selective cross-talk among natural cyto-
toxicity receptors in human natural killer cells. Eur. J. Immunol. 2003. 33:
1235–1241.
37 Bezbradica, J. S. and Medzhitov, R., Role of ITAM signaling module in
signal integration. Curr. Opin. Immunol. 2012. 24: 58–66.
38 Bottino, C.,Augugliaro, R.,Castriconi, R.,Nanni, M., Biassoni, R.,Moretta,
L. andMoretta, A., Analysis of themolecularmechanism involved in 2B4-
mediated NK cell activation: evidence that human 2B4 is physically and
functionally associated with the linker for activation of T cells. Eur. J.
Immunol. 2000. 30: 3718–3722.
39 Proust, R., Bertoglio, J. and Gesbert, F., The adaptor protein SAP directly
associates with CD3zeta chain and regulates T cell receptor signaling.
PLoS ONE 2012. 7: e43200.
40 Bida, A. T.,UpshawNeff, J. L.,Dick, C. J., Schoon, R. A., Brickshawana, A.,
Chini, C. C. and Billadeau, D. D., 2B4 utilizes ITAM-containing receptor
complexes to initiate intracellular signaling and cytolysis. Mol. Immunol.
2011. 48: 1149–1159.
41 Watzl, C. and Long, E. O., Signal transduction during activation and
inhibition of natural killer cells. Curr. Protoc. Immunol. 2010. 90: 11.9B.1–
11.9B.17.
42 Beziat, V., Liu, L. L., Malmberg, J. A., Ivarsson, M. A., Sohlberg, E.,
Bjorklund, A. T., Retiere, C. et al., NK cell responses to cytomegalovirus
infection lead to stable imprints in the human KIR repertoire and involve
activating KIRs. Blood 2013. 121: 2678–2688.
43 Long, E. O., Kim, H. S., Liu, D., Peterson, M. E. and Rajagopalan, S., Con-
trolling natural killer cell responses: integration of signals for activation
and inhibition. Annu. Rev. Immunol. 2013. 31: 227–258.
44 Kim, H. S. and Long, E. O., Complementary phosphorylation sites in the
adaptor protein SLP-76 promote synergistic activation of natural killer
cells. Sci. Signal. 2012. 5: ra49.
45 Dong, Z., Cruz-Munoz, M. E., Zhong, M. C., Chen, R., Latour, S. and
Veillette, A., Essential function for SAP family adaptors in the surveil-
lance of hematopoietic cells by natural killer cells. Nat. Immunol. 2009.
10: 973–980.
46 Diefenbach, A., Tomasello, E., Lucas, M., Jamieson, A. M., Hsia, J. K.,
Vivier, E. and Raulet, D. H., Selective associations with signaling pro-
teins determine stimulatory versus costimulatory activity of NKG2D.Nat.
Immunol. 2002. 3: 1142–1149.
47 Falco, M., Marcenaro, E., Romeo, E., Bellora, F., Marras, D., Vely, F.,
Ferracci, G. et al., Homophilic interaction of NTBA, a member of the
CD2 molecular family: induction of cytotoxicity and cytokine release in
human NK cells. Eur. J. Immunol. 2004. 34: 1663–1672.
48 Meinke, S. and Watzl, C., NK cell cytotoxicity mediated by 2B4 and NTB-
A is dependent on SAP acting downstream of receptor phosphorylation.
Front. Immunol. 2013. 4: 3.
49 Arico, M., Janka, G., Fischer, A., Henter, J. I., Blanche, S., Elinder, G.,
Martinetti, M. et al., Hemophagocytic lymphohistiocytosis. Report of 122
children from the International Registry. FHL Study Group of the Histio-
cyte Society. Leukemia 1996. 10: 197–203.
C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
1534 Raffaella Meazza et al. Eur. J. Immunol. 2014. 44: 1526–1534
50 Pende, D., Marcenaro, S., Falco, M., Martini, S., Bernardo, M. E.,
Montagna, D., Romeo, E. et al., Anti-leukemia activity of allore-
active NK cells in KIR ligand-mismatched haploidentical HSCT for
pediatric patients: evaluation of the functional role of activating
KIR and redefinition of inhibitory KIR specificity. Blood 2009. 113:
3119–3129.
51 Pende, D., Rivera, P., Marcenaro, S., Chang, C. C., Biassoni, R.,
Conte, R., Kubin, M. et al., Major histocompatibility complex class
I-related chain A and UL16-binding protein expression on tumor
cell lines of different histotypes: analysis of tumor susceptibility to
NKG2D-dependent natural killer cell cytotoxicity. Cancer Res. 2002. 62:
6178–6186.
52 Pende, D., Spaggiari, G. M., Marcenaro, S., Martini, S., Rivera, P., Capo-
bianco, A., Falco, M. et al., Analysis of the receptor-ligand interac-
tions in the natural killer-mediated lysis of freshly isolated myeloid
or lymphoblastic leukemias: evidence for the involvement of the
poliovirus receptor (CD155) and nectin-2 (CD112). Blood 2005. 105:
2066–2073.
Abbreviations: aKIR: activating KIR · KIR: killer Ig-like receptor · NCR:
natural cytotoxicity receptor · R-ADCC: reverse antibody-dependent
cellular cytotoxicity · SAP: SLAM-associated protein · SLAM: signaling
lymphocyte activation molecule · XLP1: X-linked lymphoproliferative
disease
Full correspondence: Dr. Daniela Pende, Immunology Laboratory,








Accepted article online: 4/2/2014
C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu
